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XXIX. The Construction oj  Thernzo-couples by EEctro-cleposi- 
tion. By WM. HAMILTON WILSON and Miss T. D. EPPS. 

RECEIVED May 17, 1920. 

ALTHOUGH thermo-electric appliances have been used in one 
form or another for nearly a century, the method of constructing 
these has remained practically unaltered up to the present 
time-namely, by joining together with solder two metals 
suitably related to one another in the thernio-electric series. 

In practice this mgthod has several serious drawbacks, which 
may be briefly stated as follows :- 

(a)  There is difficulty in forming reliable joints between the 
dissimilar metals, which will withstand working a t  high tem- 
perature without deterioration. 

(b)  Continuous use of such junctions is likely to  Iced to 
deterioration of the joints, resulting in a variable behaviour or 
a considerable increase in resistance, while if the joint has been 
formed by soldering the metals together the maximum working 
temperature is determined by the melting point of the solder. 

( c )  Owing to the extreme difficulty in making such joints 
between very small wires, it is impossible to  reduce the mass of 
the metal at  the points to the extent which is necessary for 
somg special purposes. 

( d )  The labour and difficulty of constructing a large number 
of junctions t o  operate in series is excessive, and quite imprac- 
ticable when the size of the wires becomes small. 

In order to carry out a certain special research the need arose 
for some reliable and convenient means of constructing a line 
of a large number of junctions all in series and having small 
mass. 

This wa? first attempted by joining together small wires of 
metals suitably placed in the thermo-electric series, and 
arranging them so that the alternate junctions to be heated 
should lie in a st,raight line, and that all the junctions should 
be connected in series. 

The constructional diffisulties when the number of junctions 
became large and of small mass, were found to be insuperable, 
although a number of methods mas tried. Consequently, for a 
considerable period the idea of carrying out this research had 
to be abandoned, until the facility with which certain metals 
can b2 deposited electrolytically on others naturally sug- 
gested itself as a convenient means of uniting the metals 
selected. 



THERMO-COUPLES EY ELECTRO-DEPOSITION. 327 

In order t o  put such a method into practice, it is necessary 
fist to prepare some form of conducting core or base upon 
which the metals t o  be used for the completed couples may be 
deposited electrolytically. This foundation should be capable 
of removal after it has served for depositing the metals of the 
couple, or it may be composed of some material of low conduc- 
tivity relative to  the conductivities of the deposited metals, so 
that its effect on their action is negligible even if not removed. 
Alternatively, the cross-sectional area of this base may be 
made so small relatively to those which the deposited metals 
are reqmired to have that its effect is negligible. 

For instance, if it  is desired to form a thermo-couple of 
copper and iron, this may be done by taking a fine constantan 
wire which has a high specific resistance relatively to copper or 
iron, m d  coating one-half with copper, and the reniaining half 
with iron to any desired thickness, so that the coatings of 
copper and iron come in contact a t  the middle point of the 
constantan core. Then, if the thicknesses of the copper and the 
iron coatings are sufficient, this will act for all practical pur- 
poses in a similar manner to  a couple formed by joining together 
a copper and an iron wire in the ordinary way, 

Obviously, this method is subject to a large number of 
variations, some of which would only be of use in special 
circumstances ; for example, the core may be a film or h e  
filament of carbon, or it may be made of a platinum or silver 
film on glass, mica, kc. 

Consideration of the effect of relative conductivities of the 
core and the metals employed for coating it, will show that 
with suitable precautions the core itself may be used to form one 
of the elements of the couple." 

In order t o  carry this into effect due regard mus'c be paid t o  
the cross-sectional area of the core where it is coated, rela- 
tively t o  that of the coating metal, t'aking into account their 
relative conductivities, in order that the presence of the core 
may not be prejudicial. 

The fist attempt t o  carry out this principle was made by 
depositing a sheathing of copper upon a constantan wire, 
half way along its length, as indicated in Fig. 1, with the inten- 
tion that a thermo-E.M.F. should be set up at  the point where 
the copper sheathing ceased, when this point was raised in 
temperature above that of the ends. It was expected that the 

* Since writing the above a method giving similar results has oome to 
our notice. See British Patent NO. 19758 of 1904. 
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current would flow from the constantan wire to the copper 
sheath a t  the part heated, and that it would be practically 
uninfluenced by the presence of the constantan core. This 
mas found to  work successfully. 

Then other experiments were made by using metals situated 
further apart in the thermo-electric series, such as an iron 
sheath on a constantan core, and also an antimony sheath on 8 

constantan core. The results obtained with these metals 
were disappointing, owing t o  the smaller difference in the 
conductivity of the metals necessitating a much greater 
volume of metal in the sheath. 

It is obvious that if the mass of the sheath has to be in- 
creased unduly in order to  make the presence of the core 
negligible, the heat capacity of the couple is liable to become 
too great. 

Constantan Copper 
Fig. 2 ------- 

.------- 
Fig. 1.-Plated Sheath. 
e 

Fig. 3. COPPy) 
i6 -A\\ 1s F-%\\ 

After a good deal of experiment, constantan wires with 
either copper or silver sheaths were found to  be suitable for 
most purposes. 

Single junctions constructad by this method being found 
quite satisfactory, the next stage was to construct a pile con- 
sisting of lines of junctions in series. Two hundred spaced 
turns of 0402 in. diameter constantan wire were wound upon 
a Q in. diameter ebonite rod. This was immersed in a copper 
plating bath, so that half the circumferential surface of the rod 
mas above the level of the liquid. The wire was now plated, 
as in Fig. 2, thus forming a sheathing of copper on each turn 
for approximately half its length, the copper sheathings on d l  
the turn@ ending more or less abruptly along lines diametrically 
opposite. 
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When the junctions thus formed between the constantan 
wire and the copper sheathings situated along one side of the 
cylinder were heated above the temperature of those on the 
opposite side, the contrivance behaved as a thermopile having a 
large number of junctions in series. 

The path of the current in this composite conductor, at the 
positions corresponding to the hot and cold junctions, would 
be from the constantan wire to the copper sheath at  the 
heated junction, and from the copper sheath to the constantan 
wire forming the next turn, at the subsequent cold junction, as 
shown in Pig. 3, in which the wire is represented as straightened 
out for clearness. 

In addition to this main current which flows t o  the external 
circuit, there will be in each couple a circulating current, the 
path of which is diagrammatically indicated in Fig. 3. This 
circulating current will flow even when the external circuit is 
open, and its magnitude will vary with the drop of P.D. 
between the extreme ends of the sheathing of each couple, so 
that the greater the current in the external circuit, the smaller 
will be the circulating current in each couple. 

In order to determine under a given set of conditions the 
effect of this circulating current, the following experiment 
was made : A strip of flattened 36 S.W.G. constantan wire 
had a piece of strip made from a 40 S.W.G. copper wire simi- 
larly flattened, soldered to its mid-point. The copper strip 
and one-half of the constantan strip were stretched tightly 
round a drum, and a heater was placed in a groove in the drum 
immediately beneath the soldered junction between the 
copper and constantan strips. The other half of the con- 
stantan strip was stretched round the drum over the copper 
strip, but with a thin piece of tissue paper separating the two, 
as seen in Fig. 4, this arrangement representing an ordinary 
end-to-end junction, A current was passed through the 
heater, and the resulting E.M.F. between the ends of the copper 
and constantan strips (1) and (2) was noted. 

The paper insulation between the copper and constantan 
strips (1) and (3) was then removed, so that these two strips 
were in contact throughout their length, thus roughly repre- 
senting a junction formed by copper plating one side of a con- 
stantan strip. With the same current through the heater, 
the E.M.F. between (1) and (2) was again noted, and was 
found to be 6.2 per cent. lower than in the first case. This 
result can only be regarded as approximate, since the contact, 
VOL. XXXII. 2 B  
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between the strips could not have been so perfect 8 s  if they 
bad been formed by plating the copper upon the constantan. 

The first practical application of the principles involved was 
tried for the measurement of small currents. A single junction 

’ construoted as described in Fig. 1, with a 0.002 in. diameter 
constantan wire having a copper sheath, was stretched between 
two supports, and arranged to  pass through the centre of a 
small heating coil in the form of a solenoid, the junction lying 
inside the heating coil without being in electrical contacf; with 
it. This was found to be very satisfactory when employed 
for the measurement of small alternating currents after being 
calibrated on direct current. 

E40. 4. 

For various reasons, it appeared that for small junctions 
silver would be generally more satisfactory than copper for 
sheathing, and after frequent experiments this view was con- 
firmed. 

As it is desirable to avoid excess of metal in the silver 
sheath, which would result in conducting away heat more 
rapidly from the heated junction, beside requiring more heat 
t o  raise the larger mass of metal to a given temperature, rough 
trials were made, and i t  appeared that a suitable area for the 
silver sheathing was about 25 per cent. of that of the constantan 
core. Later, further tests were made, the results of which 
are shown in the curves in Fig. 5, from which it appears that 
the value originally arrived at was too low, and that 30 to 35 
per cent. is a more suitable value. 
In the test nine sets of junctions having different per- 

centages of silver sheathing were connected respectively t o  
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a moving coil ammeter, and were arranged equidistant from a 
straight wire heater through which a heating current W ~ E I  
pwed. 

The method was now tried for constructing junctions of 
brge cross-section which would be capable of dealing with 
heavier currents. For this purpose a piece of 14 S.W.C. 
constantan wire wm silver plated for a portion of ita length, 
so that the cross-section of the silver sheath was about 25 per . 

oJ 5 

f 
i 

15 percent 
o f  core -are$. 

fiQ. 5. 

cent. of that of the constantan wire. The resistance of this 
junction was 0.017 ohm. On connecting the ends of the junc- 
tion to the heavy brass terminals of a moving coil ammeter 
having a resistxmce of 0.01 ohm a current of 1 ampere was 
obtained when the junction was raised to  a dull red heat by 
means of a spirit flame. On replacing the ammeter by a volt- 
meter of 500 ohms resistance, the instrument read 0.025 volt, 
with about the same temperature. 

2B2 
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A junction made from a constantan strip, about 9/64in. 
by 0.017 in., and silver plated for haIf its length, gave a rather 
better result, owing to  the greater cooling surface obtained. 
After working this latter junction at red heat for some time, 
the silver sheathing was stripped back a short distance to see 
if the surface between the silver sheath and the constantan 
strip, where it was strongly heated, had undergone deteriora- 
tion by oxidation. A slight trace of oxidation was observed 
for a distance of about lj16in. beyond the beginning of the 
sheathing, but beyond this point the surface was quite bright. 
This junction has been used repeatedly since, although slightly 
damaged by this stripping, without noticeable decrease in its 
effectiveness. 

In order to  decide what would be the most efficient distance 
to have between the hot and cold junctions, with a given size 

Fig 6. 

of round conductor, having regard to the fact that the resis- 
tance must be as low as possible, while the difference of tem- 
perature between the junctions must be as great as possible, 
eleven sets, each of five junctions of 0.0021 in. diameter con- 
stantan, were made up, and mounted opposite a heating wire 
as shown in Fig. 6. 

When a current of 0.08 ampere was maintained through the 
heater, E.IM.F.s were generated by the respective groups of 
junctions as shown in Table A. Under these conditions i t  
appears that with that size of wire 0.45 in. is the most suit- 
able distance between the hot and cold junctions with air 
cooling. 
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Heating current. current. 

TABLE A. 

hot and cold Voltage generated. 

0.5 in. ................................................ 0.001628 volt. 
0.45 in. ................................................ 0.0016 ,, 
0.4 in. ................................................ 0.001432 ,, 
0.35 in. ................................................ 0.001132 ,, 
0-3 in. ................................................ 0.000978 ,, 
0.25 in. ................................................ 0.000872 ,, 
0.2 in. ................................................ 0.000777 ,, 
0.15 in. ................................................ 0.000519 ,, 
0.1 in. ................................................ 0-000267 ,, 
0.05 in. ................................................ 0-000287 ,, 

Distance between 

junctions. 

As the thermal conductivity of the uncoated portions of the 
junctions is very much lower than that of the coated portions, 
while the resistance is also higher, it is necessary, in order t o  
obtain the highest efficiency, that the uncoated portion should 
be made as short as possible. 

To determine the best relative lengths for coated and un- 
coated portions the arrangement shown in Fig. 7 was made. 

Distance of 

from heater. 

Fig. 7. 

The small exploring junction was made from a 0.0016in. 

The results obtained are shown in Table B. :- 
constantan wire with a silver sheathing. 

2 amp. Silver. ...... 
2 amp. Constantan 
2 m p .  Silver. ...... 
2 amp. Constantan 

TABLE B. 

2 micro-amp. 26 mm. 1.575 
16-6 111111. 2 ,, 

6.2 ,, 17-5 mm. 1:59 
6.2 ,, I 11". ... 

This experiment shows that with a junction formed by 
silver-plating a 0.0076 in. diameter constantan wire toO*W85 in. 
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diameter arranged horizontally in air, the temperature of any 
point on the uncoated wire will be the same as that of a point 
on the coated wire situated 1.58 times the distance from the 
heater. 
In a similar manner the most efficient relative lengths to me 

under any other conditions may be determined. 
In order to determine the most efficient distance between 

the heater and the junctions when these are not in actual 

Qbl' 5 b Z *  0h3' 0!04': 0!06" 0.66 
Distance of heater fromjunctions. 

Fig 8. 

contact, an experiment was made with the heater mounted 
horizontally opposite a line of junctions constructed as already 
described, the heater being arranged with a micrometer t o  
regulate the distance between it and the junctions. The 
results of the two tests are shown in Fig. 8. From this it 
appears that  under those conditions the loss of efficiency 
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appears to be serious when the distance between the junctions 
and the heater is greater than 0.01 in. 

For a line of junctions, the arrangement shown in Fig. 9 
was found satisfactory. In this the core was of ebonite, 
hollowed out to facilitate cooling, and the conductor consisted 
of silver-plated constantan strip about 0.008 in. by 0.00075 in. 
Sixty junctions had a resistance of 85 ohms. 

Mica was found more convenient than ebonite for many pur- 
poses, but it was soon apparent that the presence of any 
insulating material near the hot junctions materially lowered 
their temperature, besides rendering their action very much 

I I 
3 4 

T h e  In ~ e c o d 6 .  

more sluggish. The effect of this is well seen in the photo- 
graphic records in Fig. 10, for which I am indebted t o  Prof. 
A. V. Hill, F.R.S., and Mr. W. Hortree, of the Physiological 
Laboratory, Cambridge. 

The arrangement for mounting the junctions shown in 
Fig. 11 was therefore adopted, whereby the proximity of 
insulating material t o  the junctions is avoided. This arrange- 
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ment is the same as that adopted by Prof. Hill in some of 
his work, in which he used junctions constructed in the usual 
manner ( r r  Journal of Physiology,” Vol. XLIII., NO. 6, Feb- 
ruary, 1912). 

FIG. 11. 

In order t o  deal with higher temperatures than could safely 
be used with silver and constantan, junctions were constructed 
by nickel-plating wires of nickel-chrome alloy specific resis- 
tance 575 ohms per circular mill foot, 0.032 in. diameter before 
plating and 0.0445in. after plating. These junctions gave 
approximately 0-016 volt when the difference of temperature 
between the hot and cold junctions was about 900°F. 

Owing to the ease with which junctions may be constructed 
in series by this method, and in very varied forms, a large 
number of arrangements has been devised, each with a special 
end in view. 

Constantan 

FIG. 12. FIG 13. 

One type is in the form of a Wheatstone bridge arrangement 
(Fig. 12), the arms of which are balanced for resistance, but 
have thermo-junctions so arranged that the thermo-E.M.F.5 
cancel in the external or supply circuit, but assist one another 
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in sending current through the measuring instrument in the 
branch circuit." This arrangement utilises the high resistance 
portion of each junction as a heater, and is particularly useful 
in measuring high frequency alternating currents, since the 
inductance and resistance of the arms may be properly bal- 
anced so that none of the high-frequency current flows through 
the instrument, and the arrangement can be accurately cali- 
brated on continuous current owing to the fact that the 
differential action of the thermo-junctions tends to maintain 
the s u m  of the thermo-E.M.F.5 constant even though the 
alternating current may not divide between the two paths in 
precisely the same ratio as the continuous calibrating current. 
The error would be less than If per cent. even with 25 per cent. 
more current in one branch of the bridge than in the other. 

For dealing with large currents it is convenient t o  have a 
series of thermo-junctions in each arm of the bridge. These 
may be constructed as shown in Fig. 14 ; the junctions here 
are made with much larger cross-sections and radiating sur- 

.rConstantan Si/ver-dated constan. 

IhQ. 14 

faces at the cold iunctions, so that the heat generated by the 
passage of the cGrent results in a higher tekperature at the 
constricted sections, and thus a series of preponderating 
E.1M.F.s are set up along the strips in one direction. 

One bridge constructed in this manner had a resistance of 
0.37 ohm, and with an alternating current of 6.75 amperes 
through the bridge the thermo-E.M.F. generated was 0.0192 
volt. 

The above arrangement may be made more sensitive by 
inserting two equal sources of E.M.F. ai  shown in Fig. 13, 
and readjusting the balance of the bridge to  compensate for 
the thermo-E.M.F.5 set up by the circulating current generated 
by these sources of E.M.F. round the bridge circuit. 

In certain respects these Wheatstone bridge arrangements 
are similar to the bolometric arrangement used in 1890 by 

* Since writing this Paper, we find that a similar arrangement, using the  
ordinary type of couples, has been described in 'British Patent No. 6413 
of 1909. 
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H. Rubens and R. Ritter ( ‘ I  Weid. Annalen,” Vol. XL., p. 56), 
while if the thermo-E.M.F.s are produced by the absorption 
of radiant heat instead of by a heating current they resemble 
Langley’s bolometer. The chief difference from those arrange- 
ments is that the galvanometer is deflected by the thermo- 
E.M.F.s set up in each arm of the bridge instead of by a change 
in resistance of one arm. 

Another useful arrangement consists of two lines of junctions 
connected in opposition and arranged close together as shown 
in Fig. 15. If radiant heat be arranged to fall in a line 1 mm. 
in width symmetrically about the axis A-B, the thermo- 
E.M.F.s generated in the two halves will be equal and opposite, 
but a movement of the heat line of i m m .  to  either side will 

1 

l?fQ. 16. 

cause it to  cover entirely one set of junctions or the other, 
resulting in a deflection of the galvanometer from one side of 
zero to the other side of zero. Since the number of junctions 
in each line may be made large by these methods, the deflec- 
tion of the galvanometer G may be made substantially pro- 
portional to  the movement of the band of radiant heat. 

The arrangement, therefore, comprises a useful means of 
magnifying small movements. The band of radiant heat may 
be the image formed by the mirror of another reflecting galva- 
nometer, hence i t  is possible to cause a deflection produced by 
this galvanometer to produce a considerably larger deflection 
in the galvanometer G connected in the thermo-electric circuit. 

For such work as spectrum analysis the method enables 
lines of junctions in series to  be constructed with ease and 
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accuracy, which present a very small width to  the radiation 
to be analysed, and should prove valuable for such purposes. 

It is necessary to guard against the presence of insulating 
material in proximity t o  the working line of junctions as 
heat,is absorbed by such material, and acts upon the junctions 
so that the full benefits are not obtained which would arise 
from the narrowness of the line of junctions. 

For work where couples of exceedingly small mass are 
required, the methods offer great possibilities, since the only 
limitation to the fineness of the junctions is that imposed by 
mechanical questions of producing the wire. In this way it 
has been found possible to construct junctions with a dia- 
meter of less than 0.0002 in., and there seems no reason why 
this linit should not be exceeded. 

Such junctions, owing to  their verysmall mass, respond with 
great rapidity to changes of temperature. 

For some purposes it'is convenient t o  have a very large 
number of junctions connected in series, and occupying the 
smallest possible space. This may be readily done by forming 
lines of junctions on slips of mica, and assembling them with 
mica or paper between. In this way a pile has been con- 
structed having 4,000 couples in series with a resistance of 
about 8,000 ohms, the hot junctions presenting an area of 
1Q in. by Q in. 

ABSTRACT. 
The method, which was devised to overcome the difliculty of making 

satisfactory soldered joints between the elements of thermopiles having 
a large number of closely packed junctions, consists in using a con- 
tinuous wire of one of the elements and coating those parts of it which 
have to form the other element with an electrolytic deposit of another 
metal. Ifthe conductivity of thelatter is considerably greater than of 
the former, and a fairly thick sheath is deposited, a thermo-couple is 
produced which is not appreciably impaired in efficiency by the short- 
circuiting effect of the core. Constantan wires coated with either oopper 
or silver sheaths were found to be suitable for most purposes. 

DISCUSSION. 
Mr. R. S. WHIPPLE said there were many cases in which the device would 

be of the greatest service to  physicists, in the measurement of radiation, 
for instance. He might mention that Prof. H111, of Cambridge, has recently 
been measuring the rise of temperature of nerves in action by means of these 
couples. 

Mr. F. E. SMITH said that he had had t o  make a number of thermopiles 
at one time and another, and he fully appreciated the advantage of Mr. 
Wilson's method. 

Mr. C. R. DARLING asked if the method would enable a radiation pyrometer 
similar to the FBry type to be made for the measurement of low surfme 
temperatures. 

It would be a great labour-saving device. 
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Dr. J. S. ANDERSON emphasised the utility of the device for spectro- 
radiation work, as the total breadth could be made very small and a large 
number of junctions per centimetre employed. He had had the opportunity 
of using some of Mr. 'FOilSoD'S couples, and was very pleased with them. 

Dr. RAYNER asked what difference of temperature could be detected. He 
thou h t  the measurements should be given in the metric system to render 
the Japer comprehensible to foreigners. 

Dr. VINCBNT asked if Wollaston wire had been tried. Had the winding to 
be done by hand, or could it be done on a lathe ? 

Prof. FORTESCUE suggested that the arrangement of Fig. 14 could be 
adapted to the measurement of quite high-frequency currents. 

Dr. L. HOPWOOD asked if the Authors were certain of the effect which was 
utilised in the arrangement of Fig. 14. Benedicks had shown that if there 
was a steep temperature gradient, w would be the case in this arrangement, 
a reversed Thomson effect, comparable in magnitude to the Scebeck effect, 
was obtained. It would be interesting, therefore, to try using only one 
metal instead of two. 

Mr. WILSON said there would be no U c u l t y  in measuring low surfme- 
temperatures with an instrument employing these junctions. As regards 
measurable temperature difference, he had not gone beyond about l/l,OOO°C. 
He had not triedWolIeston wire, but he found that a patent had recently 
@n applizd for using such wire and dissolving off the sheath from one 

In other 
oases the grooves were lathe-cut and the wire put on by hand, whmh was 
almost as quick. He had not made experiments with one metal with the 
arrangement of Fig. 1b as suggested by Dr. Hopwood, but would do so 
at the first opportunity. His results, however, appeared to be due to  
ordinary thermo-electric effects. 

element. Many of the couples shown were wound on lathes. 


